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Protein Kinase CK2 Is Coassembled with Small
Conductance Ca2-Activated K Channels and
Regulates Channel Gating
calcium ([Ca2]i) and provide a hyperpolarizing K con-
ductance that is fundamental for a wide range of physio-
logical processes, including neuronal excitability (Stocker
et al., 1999), rhythmic hormone release from gland cells
(Tse and Hille, 1992), smooth muscle tone (Doughty et
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72076 Tu¨bingen rent (IPSC) whose time course is determined by the
Germany gating kinetics of the SK2 channels (Glowatzki and
Fuchs, 2000; Oliver et al., 2000). In many central neurons,
including hippocampal CA1 neurons, SK channels are
Summary activated by Ca2 influx through voltage-gated Ca2
channels and give rise to the apamin-sensitive compo-
Small conductance Ca2-activated K channels (SK nent of the medium afterhyperpolarization (mAHP) that
channels) couple the membrane potential to fluctua- activates rapidly and decays over 200 ms (Sah, 1996;
tions in intracellular Ca2 concentration in many types Stocker et al., 1999).
of cells. SK channels are gated by Ca2 ions via cal- 1-ethyl-benzimidazolinone (EBIO) increases the Ca2
modulin that is constitutively bound to the intracellular affinity of cloned SK channels, resulting in markedly
C terminus of the channels and serves as the Ca2 slowed channel deactivation (Pedarzani et al., 2001;
sensor. Here we show that, in addition, the cyto- Pedersen et al., 1999; Syme et al., 2000). In CA1 neurons
plasmic N and C termini of the channel protein form (Pedarzani et al., 2001), dopaminergic midbrain neurons
a polyprotein complex with the catalytic and regulatory
(Wolfart et al., 2001), and cerebellar Purkinje cells (Cin-
subunits of protein kinase CK2 and protein phos-
golani et al., 2002; Womack and Khodakhah, 2003), EBIOphatase 2A. Within this complex, CK2 phosphorylates
dramatically decreased neuronal excitability by increas-calmodulin at threonine 80, reducing by 5-fold the ap-
ing the mAHP amplitude and elongating its decay phase.parent Ca2 sensitivity and accelerating channel deac-
These results suggest that SK channel Ca2 gating maytivation. The results show that native SK channels are
be a potent target for regulatory proteins that affectpolyprotein complexes and demonstrate that the bal-
neuronal excitability and permit cell type or microdo-ance between kinase and phosphatase activities
main specificity that may be different for the differentwithin the protein complex shapes the hyperpolarizing
SK channels.response mediated by SK channels.
We have begun to investigate the microdomain orga-
nization of SK channels, using cytoplasmic domains ofIntroduction
SK channels to isolate binding proteins from rat brain.
We show that two regulatory proteins, protein kinaseSmall conductance Ca2-activated K (SK) channels
CK2 and protein phosphatase 2A, form a complex withactivate in response to elevated levels of intracellular
the cytoplasmic domains of SK channels and determine
the properties of their Ca2 gating via phosphorylation/*Correspondence: adelman@ohsu.edu (J.P.A.); bernd.fakler@
physiologie.uni-freiburg.de (B.F.) dephosphorylation of CaM.
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Figure 1. Isolation of SK Channel Binding
Proteins by Fusion Protein-Based Assembly
Scheme illustrating the fusion protein assem-
bly technique (see text); the 2D gel shown
on the right illustrates the separation of the
cytoplasmic protein fraction prepared from
rat brain and used for the fusion protein as-
sembly.
Results When exposed simultaneously, all four interacting pro-
teins bound to the SK2 C terminus (Figures 3A and 3B,
n  4), although binding of PP2AA appeared weaker,Identification of Proteins Associated
with SK Channels while binding of CK2 may have been improved by as-
sembly with the CK2 subunit. Similar results were ob-To identify proteins that bind to SK channels, soluble
protein fractions from rat brain were incubated with the tained in experiments with the immobilized N terminus
of SK2 except that CaM did not bind (Figure 3C; n N or C termini of SK2 and SK3 channels that had been
purified and immobilized on agarose beads (Figure 1). 3). These binding assays were complemented by yeast
two-hybrid analyses that were extended to include theSpecificity was monitored by parallel experiments using
beads coupled either with an N-terminal fragment of PP2AC subunit, which was insoluble under aqueous con-
ditions and, therefore, precluded direct protein-proteinKv1.4 (Kv1.4-N#) channels, bovine serum albumine
(BSA; data not shown) or cytochrome C (Cyto C), a basic interaction assays. As shown in Figure 3D, CK2 and
CK2 interacted in the yeast two-hybrid assays withprotein with an isoelectric point very close to that of the
SK channel fragments. After washing with 2 M urea, the SK2 C terminus and with each other, while PP2AC
interacted with the C terminus of SK2 as well as withstable macromolecular complexes assembled on these
bait proteins were eluted with 8 M urea and separated PP2AA and CK2 (n  4).
Further analysis showed that the CaMBD in the proxi-by two-dimensional gel electrophoresis. Over multiple
preparations (n  12), the 2D gels yielded reproducible mal C terminus of the SK2  subunit was sufficient for
reconstitution of the macromolecular complex. Thus,protein patterns that were visualized by silver staining
(Figure 2). Protein spots specifically retained by the SK the CaMBD retained each of the individual components
tested, CaM, CK2, CK2, and PP2AA, and when ex-fusion proteins were identified and pooled from several
gels. The identity of the selected proteins was deter- posed simultaneously, all four proteins efficiently coas-
sembled with the CaMBD (Figure 4A; n 3). Coassemblymined by nano-capillary tandem mass spectrometry
(see Experimental Procedures). of these proteins in vivo was verified by coimmunopreci-
pitations performed with solubilized plasma membranesAs expected, CaM coassembled with the C termini of
SK2 and SK3, while weak or no binding was observed obtained from brain homogenates of wild-type and
transgenic mice (Bond et al., 2004) that either overex-with CytoC and Kv1.4-N# (Figure 2, top panel). Among
the other proteins identified by this technique were the press (SK2tTA /T; unpublished data) or lack expres-
sion of SK2 channels (SK2 /; Bond et al., 2004). Ascatalytic and regulatory subunits of the seryl/threonyl
protein kinase CK2 (CK2, Figure 2, middle panel, and shown in Figure 4B (right panel), an anti-SK2 antibody
coupled to agarose beads precipitated both CaM andCK2) and the regulatory subunits of protein phospha-
tase 2A (PP2AA [PR65], Figure 2, lower panel, and CK2 together with the SK2  subunit when incubated
with membrane preparations from wild-type andPP2AB [PR55]).
SK2tTA/T mice (n 3). In contrast, precipitation failed
with SK2 null mice (Figure 4B) that express CaM and CK2
A Polyprotein Complex Formed
at levels similar to wild-type and SK2-overexpressing
with the Cytoplasmic N and C Termini
animals (Figure 4B, left panel). Under the relatively harsh
The interactions between SK2, CK2, and PP2A were
conditions that are required for solubilizing native SK2
recapitulated by in vitro binding and yeast two-hybrid
channels (see Experimental Procedures), PP2AA was notanalyses. For binding assays, the SK2 C- and N-terminal
detected in the precipitates.
domains were covalently linked to agarose beads and
exposed to bacterially expressed and purified CK2
CK2, PP2AA, and CaM; all assays used identical CK2 Regulates SK Channel Ca2 Gating
CaM is a well-known substrate for CK2, and four phos-amounts of natively folded proteins in aqueous salt solu-
tions. As shown on the gels presented in the upper panel phorylation sites have been identified on the uncom-
plexed CaM molecule (Marin et al., 1999; Meggio et al.,of Figure 3, CK2 CK2, PP2AA, and CaM each bound
to the C terminus of SK2 (n 5), while little if any binding 1992; Nakajo et al., 1988). To determine whether CK2
phosphorylates CaM when complexed with the CaMBDwas seen with uncoupled beads (background; n  5).
CK2 Coassembles and Regulates SK Channel Gating
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Figure 2. Identification of Proteins Coassembling with the Cytoplasmic C Termini of SK Channels
Protein spots corresponding to CaM, CK2, and PP2AA isolated and identified with the procedure shown in Figure 1. The gel sections are 2D
separations of the load (first lane from the left) and the proteins eluted from Kv1.4-N# (second lane) and cytochrome C (third lane) used as
negative controls and from the C termini of SK2 and SK3 channels (fourth and fifth lane).
and whether the CaMBD itself may serve as a substrate For both mutant CaMs, CaM(T80D) and CaMT(80A), the
steady-state Ca2 concentration response data werefor CK2, in vitro phosphorylation assays were per-
formed. The results presented in Figure 5 show that CK2 adequately fitted with a single Hill equation (Figure 6B,
left panel).efficiently phosphorylated CaM when complexed with
the CaMBD and that the CaMBD was not a substrate For expression of SK2 alone or coexpression of SK2
with CaM wt or CaM proteins harboring mutations atfor the kinase (n  3). The four CK2 phosphorylation
sites on CaM all reside within the domain implicated in the other potential CK2 phosphorylation sites, an inter-
mediate Ca2 sensitivity (EC50 of of 0.6 M; Figures 6A–constitutive interactions with the CaMBD (Keen et al.,
1999; Schumacher et al., 2001; Wissmann et al., 2002). 6C) was observed. As illustrated for coexpression of
SK2 with CaM wt, the Ca2 concentration response dataTwo sites reside within the distal portion of the linker
between the N- and C-lobe of CaM (T80, S82), and two were better described with a double component equa-
tion (see Equation 2 in Experimental Procedures; 2 forreside within the C-lobe (S102, T118; Figure 5, top
panel). To determine whether phosphorylation of these fits with single and double component Hill equations
were 0.0175 and 0.0004, respectively), suggesting thatresidues affects Ca2 gating, SK2 channels were coex-
pressed in Xenopus oocytes with site-directed mutants two populations of channels were present, likely corre-
sponding to channels with or without CaM phosphoryla-of CaM that individually replaced the native threonine
or serine residues with either alanine, preventing phos- tion at T80 mediated by endogenous CK2 (Westmark et
al., 2002; Wilhelm et al., 1995). The relative contributionphorylation, or a negatively charged aspartate, a surro-
gate for the phosphorylated condition. Figure 6A shows of the two components varied considerably among dif-
ferent batches of oocytes, with the low-affinity compo-currents recorded from inside-out patches containing
SK2 channels and either CaM(T80D), CaM(T80A), or nent ranging between 0.15 to 0.40 (Figure 6D, inset).
Upon coexpression of SK2 channels with CK2 (CK2CaM wt and exposed to increasing [Ca2]i (between 0.08
and 30 M). The results showed that the Ca2 sensitivity and CK2), the relative contribution of this component
was increased to values between 0.51 and 0.78 (p 	of SK2 channels assembled with CaM(T80D) is reduced
5-fold compared to the Ca2 sensitivity of SK2 assem- 0.001; Figure 6D), whereas a kinase activity-deficient
mutant of CK2 (K68M; Vilk et al., 1999) failed to changebled with CaM(T80A). The respective Ca2 concentration
response relations provided EC50 values of 1.90 
 the Ca2 response relation (data not shown).
Moreover, the relative contribution of both the high-0.32 M (n  8) and 0.38 
 0.04 M (n  5; Figure 6B).
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Figure 3. Binding of CaM, Protein Kinase CK2, and Protein Phosphatase PP2A to the Cytoplasmic N and C Termini of SK2 Channels
(A) The indicated proteins were incubated with the SK2 C terminus covalently linked to agarose beads either alone (left four lanes) or together
(right lane). After washing, proteins were eluted, separated with SDS-PAGE, and stained with Coomassie blue. Molecular weight (MW) is
indicated; the arrowhead denotes the faint band corresponding to the SK2 C terminus (washed off the beads).
(B and C) Binding assays as in (A), with either no bait protein (background control, [B]) or the SK2 N terminus linked to the beads (C); the
arrowhead denotes the faint band corresponding to the SK2 N terminus (washed off the beads).
(D) Results of a yeast two-hybrid analysis performed with the proteins indicated; dots denote positive interactions when either protein was
used as bait or prey.
and low-affinity component could be changed in giant decay of the resulting current responses were fitted with
single exponentials (Figure 7C). Rapid application ofinside-out patches by application of MgATP. Thus, the
low-affinity component was increased5-fold by 1 mM 3 M Ca2 activated both channel types with almost
identical kinetics, yielding activation time constants (ON)MgATP when applied to patches that had been perfused
with ATP-free intracellular solution over several minutes of 8.6 
 0.6 ms (n  19) for CaM(T80D) and 7.8 
 0.9
ms (n  13) for CaM(T80A). In contrast, rapid reductionfollowing patch excision (from 0.12 
 0.06 to 0.65 

0.15, n  7 patches). This is directly reflected in experi- of [Ca2]i to 0.1 M showed that channel deactivation
was accelerated more than 4-fold by CaM(T80D) com-ments such as in Figure 7A, where a 3 min application
of MgATP markedly decreased K currents elicited by pared to CaM(T80A) with deactivation time constants
(OFF) of 13.9 
 1.4 ms for CaM(T80D) and 59.6 
 3.4 ms0.4 and 3 M [Ca2]i while the current amplitude ob-
tained with a saturating [Ca2]i of 10 M remained un- for CaM(T80A). Thus, the shift in apparent Ca2 sensitiv-
ity resulting from CK2-mediated phosphorylation ofchanged. In contrast to SK2 channels coassembled with
CaM wt, MgATP failed to exert any effect in SK2 chan- CaM may be mainly attributable to the accelerated deac-
tivation kinetics that directly reflect stability of the Ca2-nels associated with either CaM(T80D) (Figure 7B) or
CaM(T80A) (data not shown). CaM/CaMBD interaction (Keen et al., 1999; Schumacher
et al., 2001; Wissmann et al., 2002).Together, these results strongly suggest that CK2 is
tightly associated with the channel protein and regulates As described above, distinct gating properties were
seen in excised patches, either from oocytes coexpress-the Ca2 gating of SK2 channels via phosphorylation of
CaM at T80. ing SK2 with wild-type compared to kinase-inactive CK2
or coexpressing CaM wt compared to CaM(T80D) or
CaM(T80A). Gating was further investigated in whole-CaM Phosphorylation Speeds
Channel Deactivation cell experiments using coexpressed voltage-dependent
Ca2 channels to deliver Ca2 to the SK channels. TheUsing CaM T80 mutants, the effect of CK2-mediated
CaM phosphorylation on the gating properties of SK L-type Ca2 channel Cav1.2 was coexpressed in culture
cells with SK2 and either CaM(T80D) or CaM(T80A), andchannels was further investigated by determining the
macroscopic kinetics of channel activation and deacti- SK2 currents were activated by Ca2 influx evoked by
a voltage step from 80 to 10 mV and terminated byvation. Rapid solution exchanges (	1 ms) were applied
to inside-out patches containing SK2 channels coex- stepping the transmembrane voltage to the Ca2 rever-
sal potential of 80 mV (Figure 8A). As illustrated in Fig-pressed with either CaM(T80A) or CaM(T80D); onset and
CK2 Coassembles and Regulates SK Channel Gating
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1–2 M that is close to saturation for the high-affinity
SK2-CaM(T80A) but only half-saturating for the low-
affinity SK2-CaM(T80D) channels (Figure 6B).
CK2 and SK2 Channels in Auditory
Outer Hair Cells
Native SK channels were examined in auditory outer
hair cells (OHCs) where SK2 channels are clustered at
high density (Oliver et al., 2000) at the postsynaptic
membrane underneath the cholinergic bouton (Figure
9A, left panel). Further immunostaining of these sensory
cells with an antibody specific for CK2 showed that
SK2 channels and CK2 are closely colocalized (Figure
9A, right panel; stainings in three cochleae of both P18
and P22 rats).
Functionally, SK2 channels in OHCs are responsible
for the inhibitory postsynaptic K current (IPSC) that is
triggered by acetylcholine release from the presynaptic
bouton: activation of nicotinic acetylcholine receptors
results in a Ca2 influx that briefly and locally increases
[Ca2]i to10M and thus activates SK2 channels resid-
ing in close proximity to the ionotropic receptor (Oliver
et al., 2000; Yuhas and Fuchs, 1999). The time course
of the IPSC is determined by the gating kinetics of the
SK2 channels, with the IPSC decay reflecting channel
deactivation (Oliver et al., 2000).
As shown in Figure 9B, the time constant of the IPSC
decay (decay) varied among individual OHCs (inset), but
all (n  13) were within the range of OFF values set by
heterologously expressed SK2 with either CaM(T80D)
or CaM(T80A) as surrogates for phosphorylated and un-
phosphorylated CaM (Figure 7C). Moreover, removal of
ATP from the intracellular solution caused a substantial
time-dependent slowing of the IPSC decay in all OHCs
tested (n  9), while the decay was accelerated or re-
mained constant under control conditions where kinase
activity was maintained by ATP and the polycation
Figure 4. CaM and CK2 Coassemble at the CaMBD of SK2 Channels
spermine (Meggio et al., 1987; Figure 9C). The decay ofand Are Coprecipitated from Rat Brain Plasma Membranes
58.4
 7.2 ms (n 9 OHCs) obtained 12 min after wash-
(A) Binding assay as in Figure 3A, with CaMBD as a bait protein; all
out of ATP was independent of the value obtained imme-proteins indicated bind to the CaMBD whether applied alone or in
diately after whole-cell breakin and closely matched thecombination. The CaMBD is located in the proximal C terminus and
comprises amino acids 395–487 in SK2 channels. OFF determined for SK2 channels with CaM(T80A) (Fig-
(B) Coimmunoprecipitation of SK2, CaM, and CK2 protein from ure 9C).
mouse brain plasma membranes. Proteins precipitated with anti- Together, these results strongly suggest that the gat-
SK2 (eluate) from brain plasma membrane preparations (lysate; see ing properties of SK2 channels in OHCs are controlled
Experimental Procedures) of wt, SK2 null (SK2 /), and SK2-over-
via CK2-mediated phosphorylation of CaM.expressing mice (SK2tTA /T) were separated by SDS-PAGE, blot-
ted to a nitrocellulose filter, and probed with anti-SK2, anti-CaM, or
anti-CK2 antibodies. Note that CaM and CK2 were coprecipitated Discussion
with SK2 from wt and SK2tTA /T preparations, whereas neither
protein was precipitated from SK2 null mice although CaM and CK2 The results presented here show that SK2 channels,
were present in the lysates at equal amounts.
constitutive complexes between pore-forming channel
subunits and the Ca2 sensor CaM, may form larger
polyprotein complexes with the heteromeric seryl/threo-ures 8B and 8C, distinct onset and decay kinetics were
observed. Currents mediated by SK2-CaM(T80A) de- nyl kinase CK2 and the protein phosphatase PP2A. The
subunits of these enzymatic proteins establish a proteincayed more than three times slower than currents
through SK2-CaM(T80D) channels, similar to the results network at the channels’ cytoplasmic domain with
CK2, CK2, and PP2AA bridging the N and C terminifrom rapid-application experiments (Figure 8C). Addi-
tionally, the onset of the SK2 currents through SK2- of the SK  subunit and interacting with CaM attached
to the CaMBD in the SK C terminus (Figures 3 and 4).CaM(T80A) channels was almost three times faster than
that recorded for SK2-CaM(T80D) (Figure 8B). Since ac- Functionally, the enzymatic acitvities converge on threo-
nine 80 of CaM. Phosphorylation of CaM at T80 by CK2tivation of SK channels strongly depends on [Ca2]i (Ped-
arzani et al., 2001), this difference in current onset most shifts the apparent Ca2 sensitivity from the submicro-
molar into the micromolar range and considerably accel-likely reflects a [Ca2]i provided by the Cav channels of
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Figure 5. CK2 Phosphorylates CaM Com-
plexed with the CaMBD
CaM is efficiently phosphorylated by CK2 in
both the free form or when complexed with
CaMBD. (Left panel) SDS-gel with the CaMBD,
CaM, and the CaMBD-CaM complex incu-
bated with [-32P]ATP in the presence () and
absence () of CK2; the gel was stained with
Coomassie blue. (Middle panel) Autoradio-
graph of the gel shown in the left panel; note
that only CaM is phosphorylated. (Right
panel) Native gel showing complex formation
between CaM and increasing amounts of the
CaMBD. Equimolar amounts of the proteins
shown in the right lane were used to reconsti-
tute the CaMBD-CaM complex used for the
in vitro phosphorylation assay. The sche-
matic illustrates the location of the residues
on CaM that are phosphorylated by CK2
(Meggio et al., 1992; Nakajo et al., 1988).
erates channel deactivation; dephosphorylation has the face revealed by structural analysis (Schumacher et al.,
2001; Wissmann et al., 2002) and on results from CK2inverse effect (Figures 5–7).
As a consequence of the phosphorylation state of effects on Ca2/calmodulin-dependent protein kinase II
(Sacks et al., 1992) it seems most likely that the shift inCaM within the SK gating apparatus, the time course
and amplitude of SK-mediated hyperpolarizations are apparent Ca2 sensitivity results from destabilization of
the Ca2-CaM/CaMBD interaction, as reflected by themarkedly changed, as seen in auditory OHCs from the
rat cochlea, where SK2 channels serve as the effector accelerated channel closure observed upon withdrawal
of Ca2 (Figure 7B).of the efferent system that is thought to regulate the
gain control of the auditory sensory transduction (Gui- The close association between CK2 and PP2A with
their target, the SK-CaM complex, endows at least twonan, 1996; Oliver et al., 2000) (Figure 9). In many central
neurons where SK channels are activated by Ca2 influx important properties. First, channel modulation may be
very fast, without the delay imposed by diffusion andthrough Cav channels, the phosphorylation status of
CaM should considerably affect the amplitude and time association of the enzymatic proteins with their target.
Second, the enzymatic activity required for SK modula-course of the apamin-sensitive component of the mAHP
(Bond et al., 2004; Sah, 1996; Stocker et al., 1999). This tion can be very local. This seems to be of particular
importance since CK2 may be the most pleiotropic pro-coupling was approximated in CHO cells coexpressing
Cav1.2 and either SK2-CaM(T80D) or SK2-CaM(T80A) tein kinase, phosphorylating al least 307 substrates
(Pinna, 2002) that are involved in many cellular pro-channels (Figure 8). The high-affinity SK2-CaM(T80A)
channels mediated a K current with fast onset and slow cesses ranging from cell devision to circadian rhythm
(Allende and Allende, 1995; Lin et al., 2002).decay kinetics, while the low-affinity SK2-CaM(T80D)
channels mediated currents with slow onset and fast In addition, CK2 presents a unique paradox among
protein kinases, lacking an on-off switch despite thedecay. Moreover, based upon latencies between L-type
calcium channel and SK channel openings, open proba- presence of regulatory  subunits (Meggio and Pinna,
2003). Several hypotheses have been advanced thatbilities, and reasonable assumptions for rates of Ca2
diffusion over a short distance from the inner mouth of suggest that the regulatory  subunits provide a docking
platform for interactions with additional proteins thatthe L-type channel (Naraghi and Neher, 1997), Marrion
and Tavalin (1998) estimated that the SK channel may may mediate subcellular localization or interfaces with
substrates, or both (Pinna, 2002). Moreover, CK2 activityreside within100 nm of the L-type channel and experi-
ence 1 M Ca2. This estimated [Ca2]i predicts dis- may be modulated by the specific physical contacts
with individual interacting proteins (Keller et al., 2001).tinct time courses of the mAHP depending upon the
phosphorylation status of SK2 mediated by coresident CK2 is coimmunoprecipitated with SK2 channels, but
in vivo, not all SK2 channels may always be associatedCK2 and PP2A. While unphosphorylated SK2 channels
will be maximally activated by 1 M Ca2, the activity with CK2. While the precise mechanisms that regulate
CK2 activity remain unresolved (Litchfield, 2003; Pinna,of phosphorylated channels will be reduced by more
than 75% (Figure 6), reducing the mAHP amplitude and 2002), it is possible that a dynamic equilibrium exists
between SK2 channels and CK2 and that the activitythus increasing excitability and the firing rate of the cells.
The apparent Ca2 sensitivity measured for SK chan- of the kinase for SK2 is modulated by the interactions
between holo-CK2 and other proteins, the interactionnels reflects the Ca2 affinity of the CaM N-lobe EF-
hands and the subsequent conformational changes that with SK2 itself, and by the availability and activity of
PP2A.open and close the channels. Consequently, we cannot
be certain whether CK2 phosphorylation of T80 alters The effects of CK2 in concert with PP2A on SK2 chan-
nel gating will have important consequences for thethe affinity of the N-lobe EF-hands, the stability of the
Ca2-CaM/CaMBD complex, or both. Based on the responses to fluctuations in cytosolic Ca2 concentra-
tions and may thus regulate the amplitude and the timeclose proximity between T80 and the CaM/CaMBD inter-
CK2 Coassembles and Regulates SK Channel Gating
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Figure 6. The Phosphorylation Status of CaM T80 Affects the Steady-State Sensitivity of SK2 Channels to Intracellular Ca2
(A) Current responses to voltage ramps from 80 to 80 mV (2 s duration) recorded from SK2 channels coexpressed with CaM wt or the
indicated CaM mutants in excised inside-out patches with [Ca2]i of 0.08, 0.2, 0.4, 1.1, 3, 10, and 30 M. The traces recorded in the presence
of 1.1 and 30 M Ca2 are shown in bold. Recordings were made with K concentrations of 120 mM on either side of the membrane.
(B) Steady-state Ca2 response relations obtained from experiments as in (A), with SK2 channels coexpressed with CaM(T80A) and CaM(T80D)
(left panel) or with CaM wt (right panel). Relative current amplitudes measured at 80 mV in five to eight experiments are plotted as a function
of the Ca2 concentration (mean 
 SD). Lines represent fits of a single Hill equation (CaM mutants) or the sum of two Hill equations (CaM wt). The
double component fit curve obtained for coexpression with CaM wt was added to the left panel for better comparison. The values for the EC50
and Hill coefficient were 1.85 M and 2.1 for the CaM(T80D) coexpression and 0.38 M and 3.9 for the CaM(T80A) coexpression. For coexpression
with CaM wt, the respective values of the mono-component fit were 0.53 M and 1.8 (gray line). In the double component fit, the EC50 and Hill
coefficient of SK2-CaM(T80D) channels were used for the low-affinity component, while its relative contribution and the values for the EC50
and Hill coefficient of the high-affinity channel population were fitted yielding values of 0.32 (relative contribution), 0.35 M, and 4.1.
(C) Summary of the relative contribution of the low-affinity component obtained from fits as in (B) for SK2 channels coexpressed with CaM
(control) or with the CaM mutants indicated. Data are the mean 
 SD of four to seven experiments from the same batch of oocytes
(D) Steady-state Ca2 response relation of SK2 channels is right-shifted by coexpression of protein kinase CK2. Lines are the result of a
double component fit obtained as in (B) with values for EC50 and Hill coefficient of the high-affinity component and the relative contribution
of the low-affinity component of 0.36 M, 3.9, and 0.12 for control conditions (control) and 0.39 M, 3.5, and 0.72 for coexpression of CK2
( CK2). Data are the mean 
 SD of seven experiments from the same batch of oocytes. (Inset) Relative contribution of the low-affinity
component (mean 
 SD of the mean values) obtained from six to eight different batches of oocytes.
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Figure 7. Shift in Steady-State Ca2 Sensitiv-
ity of Excised SK2 Channels Is Dynamic and
Mainly Attributable to Changes in Deactiva-
tion Kinetics
(A) (Left panel) Currents through SK2 chan-
nels recorded at 80 mV (interrupted by
50 ms steps to 40 mV) and evoked by the
indicated [Ca2]i before and after a 3 min ap-
plication of 1 mM MgATP. (Right panel) Sum-
mary of relative SK2 currents (normalized to
the current at saturating [Ca2]i) obtained in
experiments as on the left with 0.4 and 3 M
Ca2. Data are the mean
SD of seven exper-
iments. Note the decrease in current ampli-
tude at both [Ca2]i reflecting the decrease in
Ca2 sensitivity.
(B) Experiments as in (A) but with SK2-
CaM(T80D) channels. Bars represent the
mean 
 SD of four experiments.
(C) (Upper panel) Currents recorded at 80
mV in response to rapid piezo-driven applica-
tion of 3 M Ca2 to excised inside-out
patches with either SK2-CaM(T80D) (black)
or SK2-CaM(T80A) channels (gray) held at 0.1
M Ca2 prior to the step increase in [Ca2]i.
Recordings were made in symmetrical 120
mM K. (Lower panel) Time constants ob-
tained from monoexponential fits to the onset
and decay of currents from experiments as
in the upper panel. Values are given as
mean 
 SD of 13 to 15 experiments. OFF was
different between the two CaM mutants mim-
icking phosphorylated and unphosphory-
lated forms of CaM.
Protein spots that were excised from silver-stained 2D gels andcourse of the SK2-mediated afterhyperpolarizations in
in-gel digested with trypsin were analyzed by matrix-assisted lasera wide variety of excitable cells.
desorption/ionization time-of-flight mass spectrometry or by nano-
capillary liquid chromatograpgy tandem mass spectrometry usingExperimental Procedures
a quadrupole time-of-flight instrument (Applied Biosystems) as de-
scribed previously (Mann et al., 2001).Affinity Chromatography and Mass Spectrometry
All proteins that were used as baits throughout the paper (N and C
termini of SK2 and SK3 channels, an N-terminal fragment of Kv1.4 Biochemistry
For binding assays, CK2 CK2 and PP2AA and CaM were ex-channels [residues 1–75], the CaMBD) were overexpressed as histi-
dine-tagged fusions in E. coli BL21-CodonPlus (DE3)-RIL (Stra- pressed in bacteria as untagged (CaM) or histidine-tagged proteins
and purified under native conditions via Phenyl Sepharose 6 Fasttagene), purified and coupled to CNBr-activated Sepharose 4B
(Sigma); cytochrome C (from horse heart, Boehringer) was cou- Flow (Amersham Pharmacia Biotech; CaM) or Ni-NTA Agarose (Qia-
gen). Proteins (40 g each) were incubated in PBS containing 0.1pled equivalently.
Cytosolic extracts from rat brain (ageP25) obtained by homoge- mM DTT (final volume 800 l) with SK protein domains immobilized
on Sepharose beads (20 l containing 40 g of bait protein) fornization and centrifugation (20 min at 140,000  g) were incubated
for 1 hr at room temperature with 0.3 ml of Sepharose beads (0.2–0.5 2 hr at room temperature. After three washes with PBS/0.1 mM DTT,
bound proteins were eluted with Laemmli buffer, resolved on 13%mg fusion protein) in PBS with EGTA (1 mM), MgCl2 (1 mM), DTT
(0.1 mM), and protease inhibitors. After washing with PBS and SDS polyacrylamide gels, and visualized by Coomassie staining.
For in vitro phosphorylation, purified CaMBD (5 g), CaM (5 g),PBS/2 M urea, bound proteins were eluted with PBS containing 8 M
urea and precipitated with TCA/acetone. For 2D gel electrophoresis, and CaMBD-CaM complex (10 g) were incubated for 2 hr at 30C
in 50 l reaction mixture containing 50 mM Tris/HCl (pH 7.5), 10 mMprecipitated proteins were dissolved in rehydration solution (8.5 M
urea, 2 M thiourea, 0.1% SDS, 4% CHAPS, 5% NDSB-256, 2% MgCl2, 1 mM EGTA, or 100M CaCl2, 1M poly-L-lysine (30–70 kDa,
Sigma), 200M ATP, 20Ci/ml [-32P] ATP (Amersham Biosciences),adequate IPG buffer, and 40 mM DTT) and soaked into Immobiline
DryStrips (Amersham Pharmacia Biotech). After running on a and 1 KU/ml casein kinase II (human, recombinant, E. coli; Calbio-
chem). After the addition of adequate sample buffer, aliquots wereMultiphor II IEF System (Amersham Pharmacia Biotech) for at least
30 kVh (first dimension), proteins were separated on a 10% SDS applied to denaturing or native PAGE. Gels were Coomassie stained,
dried, and exposed to Kodak XAR-5 films at room temperature.polyacrylamide gel (second dimension) and stained with silver.
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Figure 8. Distinct Kinetics of Cav Channel-
Triggered K Currents through SK2-
CaM(T80D) and SK2-CaM(T80A) Channels
(A) SK2 channel activation by Ca2 influx
through voltage-gated Cav1.2 channels (1C,
2, 1b) coexpressed with SK channels in
CHO cells.
(B and C) Distinct onset (B) and decay (C) of
K currents mediated by SK2-CaM(T80D) or
SK2-CaM(T80A) channels in response to initi-
ation and termination of Ca2 influx through
voltage-gated Cav1.2 channels coexpressed
with SK2 channels in CHO cells. Current
traces are representative responses obtained
during voltage steps from 80 mV to 10 mV
(inward Ca2 current followed by an outward
K current) and after abolishing Ca2 influx
by stepping the membrane potential to the
Ca2 reversal potential of 80 mV (decay of
K currents). The peak-to-80% rise time (see
Experimental Procedures) reflecting K cur-
rent activation and the time constants for K
current decay are shown as bar graphs. Rise
times are mean 
 SD of four experiments,
decay values are the mean 
 SD of nine [SK2-
CaM(T80A)] and seven [SK2-CaM(T80D)] ex-
periments, respectively. The specific density
of Ca2 currents was 0.098 
 0.045 nA/pF
(n  4) and 0.78 
 0.062 nA/pF (n  4) for the
experiments with SK2-CaM(T80A) and SK2-
CaM(T80D) channels, respectively.
For coimmunoprecipitations, brains of wild-type, SK2 null (SK2/), (Global Peptide Service, Fort Collins, CO) and purified using the
synthetic peptide immobilized on Sulfo-link resin (Pierce, Rock-or SK2-overexpressing mice (SK2tTA /T) were homogenized in
320 mM sucrose, 10 mM HEPES, 1 mM EGTA (pH 7.4) (HS), supple- ford, IL).
mented with a protease inhibitor cocktail. Crude synaptosomal
membranes were recovered after centrifugation at 10,000  g, Yeast Two-Hybrid Analysis and Molecular Biology
Two-hybrid analysis was performed using the Clontech system. Thewashed, and lysed in hypotonic solution (10 mM HEPES, 1 mM
EGTA, [pH 7.4] [HE]). The lysed synaptomsal membranes were col- indicated bait and prey sequences were cloned into pGBKT7 and
pACT2, respectively. For interaction tests, bait was introduced intolected by centrifugation at 25,000  g, resuspended in HS, and
layered onto a sucrose step gradient (1.2 M, 1.0 M, 0.8 M sucrose AH109 and prey into Y187. Matings were performed and plated to
media lacking tryptophane, leucine, adenine, and histidine. Site-in 10 mM HEPES, 1 mM EGTA). After centrifugation, membranes
banding at the 1.0/1.2 M sucrose interface were recovered, diluted directed mutagenesis, in vitro mRNA synthesis, and oocyte injection
were performed as previously described (Fakler et al., 1995).in HE, and collected. For solubilization, 10 mg of membrane protein
was incubated in 4.5 ml of 190 mM NaCl, 10 mM KCl, 10 mM HEPES,
1 mM EGTA, and 1% wt/v -D-dodecyl maltoside (DDM) (pH 7.4) Elelctrophysiology
Giant patch-clamp recordings on Xenopus oocytes and rapid solu-at 4C for 45 min. Insoluble material was removed by centrifugation,
and the supernatant was incubated with anti-SK2 coupled to cyano- tion exchange with a piezo-driven application system were per-
formed as previously described (Oliver et al., 2000). Pipettes madegen bromide-activated sepharose-4B for 14 hr at 4C. The affinity
matrix was washed 16 times with 0.1% DDM in the same solution; from thick-walled borosilicate glass had resistances of 0.3 M
when filled with 120 mM KOH, 10 mM HEPES, and 0.5 mM CaCl2, pHbound proteins were eluted with 7.65 M urea. Crude lysates and
eluates were separated on 8% acrylamide SDS gels, transferred to adjusted to 7.2 with methanesulfonic acid (MES). Inside-out patches
were superfused with an intracellular solution containing 119 mMnitrocellulose, and probed with affinity purified anti-SK2, anti-CK2
(rabbit, Upstate Biotech), or anti-CaM (mouse, Upstate Biotech). KOH, 1 mM KCl, 10 mM HEPES, 1 mM EGTA, pH adjusted to 7.2
with MES; the amount of CaCl2 required to yield the free [Ca2]iPolyclonal anti-SK2 antibodies were generated in rabbits by im-
munization with a C-terminal SK2 peptide (ETQMENYDKHVTYNAE) indicated was calculated with WEBMAXC v2.22 (Stanford University)
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Figure 9. SK2 Channels Colocalize with CK2 at the Postsynaptic Pole of Cochlear OHCs and Generate an IPSC Whose Time Course Is
Controlled by Protein Phosphorylation
(A) Subcellular distribution of SK2 and CK2 at the postsynaptic pole of cochlear OHCs. (Left panel) Immunofluorescence of OHCs (Organ of
Corti, rat P18) stained with anti-SK2 (red), DAPI (nuclear staining, blue), and anti-synaptophysin (green) that delineats the cholinergic bouton
(arrowheads). (Right panel) Staining of two OHCs (in consecutive sections, see Experimental Procedures) with either anti-SK2 and DAPI (upper)
or anti-CK2 and DAPI (lower) together with the respective DIC images; scale bars, 10 m.
(B) (Upper left) IPSCs from two different OHCs recorded at 64 mV in response to K depolarization of the efferent bouton. (Upper right)
Time constants obtained from a monoexponential fit to the IPSC decays (decay) recorded from a number of OHCs immediately after establishing
whole-cell configuration; decay is given as mean 
 SD of 23 IPSCs per OHC. Lines and gray bars represent mean and SD of the deactivation
time constants of SK2-CaM(T80D) and SK2-CaM(T80A) channels, respectively.
(C) (Left panel) Changes of decay in two OHCs recorded with or without ATP (2.5 mM) and spermine (0.1 mM) in the whole-cell pipette; data
points are mean 
 SEM of 19 IPSCs per time point (see Experimental Procedures). (Right panel) Steady-state decay values obtained from
experiments as on the left; data are mean 
 SD of 9 and 4 experiments for ATP-free and control solution, respectively. Lines and gray bars
are as in (B).
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R., Maylie, J., and Adelman, J.P. (2004). Small conductance Ca2-
cordings on rat OHCs and Chinese hamster ovary (CHO) cells were
activated K channel knock-out mice reveal the identity of calcium-
done as previously described (Oliver et al., 2000, 2001). In OHCs,
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5306.
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